1. Introduction {#sec0005}
===============

*Cryptosporidium* is a genus of apicomplexan protozoal parasites that are globally distributed and are known to infect several species of animals ([@bib0050]). *Cryptosporidium parvum* and *Cryptosporidium hominis*, which are respectively host-adapted to cattle and people, are recognized as being among the most pathogenic species. Cryptosporidiosis, refers to infection with *Cryptosporidium* spp., and is primarily characterized by villus atrophy and fusion, intestinal crypt inflammation, and a resultant malabsorptive, maldigestive, osmotic diarrhea. *C. parvum* infection typically occurs in calves less than 1 month old and impacts calf morbidity and mortality ([@bib0110]). Infected calves shed large numbers of readily infective oocysts in their feces which impacts environmental parasite loading ([@bib0105]).

*C. parvum* infection is an important zoonosis, causing similar clinical symptoms in people, and is more likely to be acquired by immune suppressed individuals ([@bib0010]). Transmission is typically via the fecal--oral route. Common risk factors for cryptosporidiosis include ingestion of contaminated water (i.e., fecal accidents in public swimming pools or use of unprotected water sources), poor hygiene, contact with livestock, and failures at municipal water-treatment facilities ([@bib0090], [@bib0155], [@bib0100]).

There are currently no consistently effective and commercially available treatments or vaccines. Nitazoxanide (NTZ) has shown efficacy in HIV-seronegative patients, but not in HIV-seropositive patients ([@bib0005]). NTZ does reduce fecal oocyst shedding in calves but is not commercially available for use in cattle ([@bib0115]). Given these challenges, cryptosporidiosis is not only a calf management concern, but is also a global public health concern ([@bib0110], [@bib0130]).

The dose--response relationship has been described and median infective dose (ID~50~) has been determined for some *Cryptosporidium* spp. through investigations carried out in healthy human volunteers. For both *C. parvum* and *C. hominis*, a positive relationship between the size of the inoculum and occurrence of enteric symptoms has been confirmed, thus, the larger the exposure to infective oocysts, the worse the clinical outcome ([@bib0040], [@bib0035]). In people experimentally infected with *C. parvum* and *C. hominis*, 61% developed enteric symptoms ([@bib0040], [@bib0035]). In human subjects who developed diarrhea and excreted oocysts, the median infective dose (ID~50~) for *C. parvum* was determined to be 132 oocysts, and for *C. hominis* was 83 oocysts ([@bib0040], [@bib0035]).

Similar studies in animals have been restricted to laboratory species. The reported ID~50~ for *C. parvum* in immunocompetent neonatal mice is 100--500 oocysts, and in CD1 neonatal mice is 79 oocysts, which is consistent with the doses reported in people ([@bib0045], [@bib0060]). While experimental infection of livestock is not reported in the literature, studies of natural infection have been conducted. Naturally infected calves experience diarrhea, have a mean onset of fecal oocyst shedding of 16.3 days, and a mean duration of fecal oocyst shedding of 10.5 days ([@bib0110]). Though not shown conclusively, a study of naturally infected calves suggested that reduced exposure to *C. parvum* oocysts resulted in reduced duration of fecal oocyst shedding ([@bib0095]).

Even though studies of natural infection provide important information on disease ecology, they are limited by confounders such as co-infection and lack of experimental controls. Given that *C. parvum* is a known zoonosis, is up to 95% prevalent in US dairy herds, contributes to increased calf mortality, and that there is not an available pharmacologic intervention; it is important to improve our understanding of *C. parvum* epidemiology, through experimental studies of infection, in order to develop appropriate disease control and prevention strategies ([@bib0085], [@bib0140], [@bib0150]). The objectives of this study were to determine the median infective dose (ID~50~) of *C. parvum* and to describe the dose--response relationship and associated clinical illness in experimentally challenged dairy calves.

2. Materials and methods {#sec0010}
========================

2.1. Challenge model {#sec0015}
--------------------

### 2.1.1. Calf enrollment {#sec0020}

Calves used in this study were cared for in compliance with the Cornell University Institutional Animal Care and Use Committee (IACUC). This randomized, double-blinded study was performed at the College of Veterinary Medicine, Cornell University (Ithaca, NY) from February to March 2011. Thirty calves were purchased at birth from a local dairy farm and enrolled in the study as they were born. Control calves (*n*  = 3) were enrolled concurrently with test calves (*n*  = 30). At least one study author attended all calvings. The perineum of the dam was thoroughly cleaned with povidone--iodine scrub and calves were delivered onto single-use plastic sheets to prevent manure contamination. Immediately after birth, a physical examination was performed and an identification tag was placed in the right ear. All calves were fed 4 L of ≥50 g IgG/L commercial colostrum replacer (Bovine IgG, Colostrum Replacement, Land O'Lakes Inc., St. Paul, MN) within the first 4 h of life via an oroesophageal feeding tube in order to replicate conventional calf management on commercial dairies as best as possible. Commercial colostrum replacer was fed instead of colostrum in order to minimize variability between calves, to limit potential pathogen exposure, and to provide adequate passive transfer of immunity without providing anti-C*ryptosporidium* specific antibodies. The calves were then transported from the source farm to Cornell University.

### 2.1.2. Calf management, sampling, and inoculation {#sec0025}

At Cornell University, all calves were housed in a Biosafety Level 2 facility in individual concrete box stalls. Blood samples were collected from each calf within 24--48 h of life and the serum total protein was measured in order to assess adequacy of passive transfer. Calves were fed commercial 22% protein/20% fat non-medicated milk replacer (Nursing Formula NT Calf Milk Replacer, Land O'Lakes Inc.) with at least 0.68 kg of dry matter per day, split into 2 feedings, for the duration of the study and water was provided ad libitum. At enrollment, both control and test calves were randomized to a dose group by a number generator. Calves received an oral challenge of *C. parvum* oocysts within the first 24 h of life. Three calves served as controls and were sham dosed with 0 oocysts. Twenty-seven calves were inoculated with one of eight possible doses of a genotyped field strain of *C. parvum* oocysts. Five calves received 25 oocysts, 4 calves received 50 oocysts, and 3 calves each received 100, 500, 1000, 10,000, 100,000, or 1,000,000 oocysts. All study personnel were blinded to dose group.

Control calves (*n*  = 3) were housed in the same facility as test calves, sham dosed, and managed as if they were test calves in order to maintain blinding. Control calves also served as sentinels for cross contamination from test calves, and to help maintain quality assurance in data collection and husbandry practices. To prevent cross contamination, calves were fed and bedded in the same order (youngest to oldest) each day, each calf stall had dedicated equipment and supplies, and all study personnel used single-use personal protective equipment when entering each calf stall.

A fecal sample was collected from each calf every 24 h after oral challenge. Clinical data including rectal temperature, general health status, and fecal consistency were recorded every 10--12 h for each calf. Health status was assessed on a scale of 1--4 and fecal consistency was assessed on a scale of 1--5 in accordance with previously described methods ([Table 1](#tbl0005){ref-type="table"} ) ([@bib0025]). Diarrhea was defined as having at least 2 consecutive fecal consistency scores ≥3. Calves that did not shed oocysts in their feces were enrolled in the study for 21 days. Calves that did have oocysts present in their feces were enrolled in the study until 2 consecutive negative fecal exams were recorded after the onset of fecal shedding. All calves were tested for the presence of rotavirus, coronavirus, and *Salmonella* spp.Table 1Health status and fecal consistency rubric used for evaluating severity of calf illness and diarrhea.ScoreHealth statusFecal consistency1Normal. The calf is alert, hungry, and watches the caretakers. It may stretch when it gets up. The calf will eat greedily, often twitching its tail as it eatsNormal feces; feces retain form. The feces may be pasty but do not flow across a surface  2Mildly depressed. The calf drinks without coaxing, but not aggressively. The calf pays some attention to caretakers and assessment for dehydration (skin tent ≤4 s, eyes normal) produces equivocal resultsMild diarrhea; form is a puddle, not a patty. Sufficient water content to slowly flow across or down a surface  3Severely depressed. The calf must be coaxed to get up, and has difficulty rising or standing, does not pay attention to caretakers when touched, may refuse to eat, and is clearly dehydrated (e.g., skin tent \>9 s, separation between eyeball and orbit ≥0.5 cm, dry mucous membranes). The calf is unlikely to recover without supportive treatmentModerate diarrhea; feces with sufficient water content to easily flow across or down a surface, while leaving some adherent material  4Moribund or dead. The calf cannot stand or is deadSevere diarrhea; part or all of feces are very watery. Feces can drain away leaving little or no residual on a smooth surface (a calf may have very watery feces followed by some solid material and still have severe diarrhea)  5N/ANot observed

The oocysts used to dose the calves were purified using a procedure previously described ([@bib0065]). In brief, feces were collected from naturally infected 6- to 14-day-old calves from a separate commercial dairy operation and processed by continuous-flow differential density flotation. They were stored until needed at 4 °C in suspension with 100 U of penicillin G sodium per ml, 100 mg of streptomycin sulfate per ml, and 0.25 mg of amphotericin B per ml. The oocyst DNA was genotyped as *C. parvum* by sequence and restriction fragment length polymorphism analysis via amplification of the small subunit (SSU) rRNA gene in a nested polymerase chain reaction (PCR) as described previously ([@bib0075]). In brief, the primary PCR step amplifies a fragment of approximately 1325 base pairs, whereas the secondary PCR step results in a fragment of approximately 823 base pairs. In the primary PCR, the following forward and reverse primers were used, respectively: 5′-TTCTAGAGCTAATACATGCG-3′ and 5′-CCCATTTCCTTCGAAACAGGA-3′. In the secondary PCR, the following forward and reverse primers were used, respectively: 5′-GGAAGGGTTGTATTTATTAGATAAAG-3′ and 5′-CTCATAAGGTGCTGAAGGAGTA-3′.

### 2.1.3. Preparation of inoculum {#sec0030}

Before inoculation, oocysts were first cleaned for one minute in 0.6% sodium hypochlorite to inactivate viruses and bacteria co-purified with the oocysts, then washed four times with phosphate buffered saline to remove the sodium hypochlorite, quantified using a hemocytometer and finally viability determined using a dye permeability assay as described previously ([@bib0030], [@bib0015], [@bib0065]). Viable oocysts were the sum of 4,6-diamidino-2-phenylindole-negative (DAPI−) propidium iodide-negative (PI−) oocysts and DAPI-positive (DAPI+) PI− oocysts; DAPI+ PI+ oocysts were considered inactivated ([@bib0070]). Oocysts used for dosing were at least 87% viable. Doses were calculated based on the percent viable. Each dose was administered in a 5 ml suspension of *C. parvum* oocysts in reverse osmosis water via the rigid portion of an oroesophageal feeding tube. Followed by 120 ml of water to ensure all of the oocyst suspension was delivered to the calf.

2.2. Fecal sample analysis {#sec0035}
--------------------------

Quantitative analysis of *C. parvum* oocysts in the fecal samples collected was performed using Merifluor Crypto/Giardia immunofluorescence antibody detection reagent from Meridian Diagnostics (Cincinnati, OH) ([@bib0160]). The immunofluorescence procedure was modified from the kit instructions. Briefly, a 0.10 g portion of feces was mixed into 10 ml of PBS (pH = 7.4) in a 15 ml conical centrifuge tube. Then, 100 μl of the mixture was removed and 5 μl of Merifluor immunofluorescence antibody reagent was added. The solution was vortexed and incubated in the dark at room temperature for at least 30 min and stored at 4 °C until examination. Following incubation, 10.5 μl of the sample was placed on a slide and covered with a coverslip. The 20× objective on a fluorescent compound binocular microscope (460--490 wavelength fluorescent compound binocular microscope Olympus BX41, Olympus America Inc., Center Valley, PA) was used to count the number of oocysts observed. The number of oocysts observed in 10.5 μl was then multiplied by 10,000 to give the number of oocysts per gram of feces. This count was standardized by the dry weight percentage. Dry weight analysis of fecal samples was obtained by taking a 10--20 g portion of each original fecal sample, drying it at 108 °C for a minimum of 24 h (Thermolyne Mechanical Oven, Barnstead International, Dubuque, IA), then weighing it directly (Precision Standard Scale, Ohaus Corporation, Pine Brook, NJ) ([@bib0025]).

2.3. Data analysis {#sec0040}
------------------

Data were analyzed using descriptive and inferential methods. Using the Shapiro--Wilk test, data were determined to be non-Gaussian. A Wilcoxon Rank Sum test was used to compare sets of continuous data. For each dose group, the probability of shedding on a given day after challenge was estimated using the Kaplan--Meier product limit method ([@bib0080]). Post hoc analysis of the percentage of fecal scores ≥3 across the dose groups was carried out with Dunn\'s Post Test. Analysis of variance was used to assess differences in fecal oocyst counts across dose groups. Simple linear regression analysis was used to evaluate the relationship between individual explanatory variables and diarrhea (percent of fecal scores ≥3) as well as onset of fecal oocyst shedding. Explanatory variables having *P*  ≤ 0.1 were selected for analysis using multiple linear regression. Manual backward-stepwise regression was used to remove explanatory variables and their interactions from the model when *P *\> 0.05. The ID~50~ for fecal oocyst shedding, diarrhea, and fecal oocyst shedding with diarrhea was estimated using linear regression analysis. The percent of dosed calves that shed oocysts in their stool, developed diarrhea, or both was compared with the total number of calves receiving each dose of oocysts (log transformed) ([@bib0040]). Data were analyzed using JMP 9.0 ([@bib0125]).

3. Results {#sec0045}
==========

3.1. Description of study animals {#sec0050}
---------------------------------

There were 30 calves enrolled in the study; 3 were control calves and 27 were experimentally challenged with *Cryptosporidium parvum* oocysts. Calves were enrolled in the study for 20.5 ± 1.1 days, during which time the mean number of fecal scores recorded was 38.2 ± 2.7 and the mean number of health scores recorded was 40.9 ± 2.5. Across all groups, the mean serum total protein measurement (g/dl) was 4.8 ± 0.4 (95% CI 4.6--4.9) and there were no differences between groups (*P*  = 1.0). None of the calves tested positive for coinfection with rotavirus, coronavirus, or *Salmonella* spp.

3.2. Description of fecal oocyst shedding {#sec0055}
-----------------------------------------

None of the 3 control calves developed diarrhea or fecal oocyst shedding. All 27 experimentally challenged calves developed diarrhea (at least 2 consecutive fecal consistency scores ≥3). Twenty-five calves shed *C. parvum* oocysts in their feces and 2 calves did not. The 2 non-shedding calves were both challenged with 25 oocysts. The mean time to onset of fecal oocyst shedding was 5.6 ± 2 days (95% CI 4.8--6.5) (*n*  = 25) ([Table 2](#tbl0010){ref-type="table"} ). There was an inverse relationship between dose and time to onset of fecal oocyst shedding, i.e., calves that received smaller doses began shedding later (*P*  = 0.005). As the log-dose increased by 1, the time to onset of fecal oocyst shedding was shortened by 1 day (*P*  \< 0.0001) ([Fig. 1](#fig0005){ref-type="fig"} a). Between dose groups, calves that received 25 or 50 oocysts shed later than calves that received 1,000,000 oocysts (*P*  = 0.06 and *P*  = 0.005, respectively) ([Fig. 2](#fig0010){ref-type="fig"} ). The mean duration of fecal oocyst shedding was 11.1 ± 2.4 days (95% CI 10.1--12.1) (*n*  = 25) ([Table 2](#tbl0010){ref-type="table"}). The mean time to cessation of fecal oocyst shedding was 16.8 ± 2.2 days (95% CI 15.8--17.7) (*n*  = 25) ([Table 2](#tbl0010){ref-type="table"}). Dose did not influence duration of fecal oocyst shedding (*P*  = 0.2) or cessation of fecal oocyst shedding (*P*  = 0.3). However, at higher doses more variability was observed in both duration and cessation of fecal oocyst shedding ([Table 2](#tbl0010){ref-type="table"}).Table 2The mean, median, and range for the number of days post-challenge until the onset of fecal shedding, the number of days duration of fecal shedding post-challenge, and the number of days post-challenge until the cessation of fecal shedding, in calves experimentally challenged with 25, 50, 100, 500, 1 × 10^3^, 1 × 10^4^, 1 × 10^5^, or 1 × 10^6^ oocysts of *C. parvum*.Dose of C. *parvum* oocysts2550100500100010,000100,0001,000,000Onset of fecal oocyst shedding (days) Mean7.38.85.75.34.74.752.7 Median79654453 Range(7--8)(7--10)(5--6)(5--6)(4--6)(4--5)(4--6)(2--3)Duration of fecal oocyst shedding (days) Mean119.511.79.710.713.310.713 Median1191291113912 Range--(9--11)(11--12)(8--12)(9--12)(13--14)(8--15)(9--18)Cessation of fecal oocyst shedding (days) Mean1818.317.315.315.31815.715.7 Median1818.5181515181414 Range(17--19)(16--20)(16--18)(14--17)(15--16)(17--19)(14--19)(12--21)Fig. 1(a) The relationship between log-dose and the onset of fecal oocyst shedding in calves experimentally challenged with *C. parvum* oocysts. (b) The relationship between the onset of fecal oocyst shedding and the percent of calves with diarrhea in calves experimentally challenged with *C. parvum* oocysts.Fig. 2Probability of onset of fecal shedding post-challenge in calves dosed with 25 and 50, 100--100,000, and 1,000,000 *C. parvum* oocysts.

When the dose groups are collapsed into 3 dose levels (25 and 50 oocysts, 100--100,000 oocysts, and 1,000,000 oocysts) there is a difference in time to onset across the 3 levels (*P*  \< 0.0001). Between dose levels, calves that received 25 and 50 oocysts shed later than calves that received 100--100,000 and 1,000,000 oocysts (*P*  = 0.003 and *P*  = 0.0002, respectively). [Fig. 2](#fig0010){ref-type="fig"} shows the probability of onset of fecal oocyst shedding on any given day post-challenge for the 3 dose levels.

3.3. Fecal oocyst shedding and diarrhea {#sec0060}
---------------------------------------

Fecal shedding and diarrhea occurred at all doses. There was an inverse relationship between onset of fecal oocyst shedding and diarrhea, i.e., calves that began to shed oocysts sooner after dosing experienced more days of diarrhea (*P*  \< 0.0001) ([Fig. 1](#fig0005){ref-type="fig"}b). The log-peak oocysts counted was 7.8 ± 0.4 (95% CI 7.6--8.0) and the log-total oocysts counted was 7.9 ± 0.4 (95% CI 7.7--8.1). There was no difference in log-peak or log-total oocysts counted/g of feces across the dose groups (*P*  = 0.2 and *P*  = 0.5, respectively) or among the 3 dose levels (*P*  = 0.3 and *P*  = 0.9, respectively). Among the 5 calves dosed with 25 oocysts, 3 calves shed oocysts, 2 of which also developed diarrhea. For the remaining doses, all calves shed and developed diarrhea ([Table 3](#tbl0015){ref-type="table"} ). Health scores \>1 occurred in 2 calves, but only occurred once for each calf. Calf 207 had health scores \>1 for several consecutive days. This calf had a septic stifle joint secondary to an umbilical abscess, and was excluded from health score analysis, but included in all other analysis.Table 3Risk of fecal oocyst shedding, diarrhea, and fecal oocyst shedding with diarrhea in calves experimentally challenged with *C. parvum* oocysts[a](#tblfn0005){ref-type="table-fn"}.Dose of *C. parvum* oocystsLog dose of *C. parvum* oocystsNo. calves challengedFecal shedding (%)Diarrhea (%)Fecal shedding + diarrhea (%)0030 (0)0 (0)0 (0)251.453 (60)3 (60)2 (40)501.744 (100)3 (75)3 (75)100233 (100)3 (100)3 (100)5002.733 (100)3 (100)3 (100)1000333 (100)3 (100)3 (100)10,000433 (100)3 (100)3 (100)100,000533 (100)3 (100)3 (100)1,000,000633 (100)3 (100)3 (100)[^2]

The explanatory variables log-dose, total protein on day 2 of enrollment, weight on day 5 of enrollment, weight on the final day of enrollment, onset of fecal oocyst shedding, duration of fecal oocyst shedding, cessation of fecal oocyst shedding, log-peak number of fecal oocysts counted, and log-total number of fecal oocysts counted were all evaluated via simple linear regression to evaluate a possible relationship with the diarrhea ([Table 4](#tbl0020){ref-type="table"} ). The variables log-dose, weight on final day of enrollment, onset of fecal oocyst shedding, and cessation of fecal oocyst shedding all had *P*-values ≤ 0.1 and were retained for analysis via multiple linear regression. In the final model, onset and cessation of fecal oocyst shedding were found to be the best predictors of diarrhea (*P*  = 0.0006 and *P*  = 0.04, respectively) ([Table 5](#tbl0025){ref-type="table"} ). Simple linear regression was also conducted using the same explanatory variables to evaluate the relationship with onset of fecal oocyst shedding ([Table 4](#tbl0020){ref-type="table"}). Log-dose, duration of fecal oocyst shedding, and cessation of fecal oocyst shedding were found to have *P*-values ≤ 0.1 and were retained for analysis via multiple linear regression. The best predictors of onset of fecal oocyst shedding were duration and cessation of fecal oocyst shedding (*P*  \< 0.0001 for both predictors) ([Table 5](#tbl0025){ref-type="table"}).Table 4Simple linear regression analysis evaluating the relationship between individual explanatory variables and two possible outcomes, diarrhea and the onset of fecal oocyst shedding.Explanatory variableOutcome = DiarrheaOutcome = Onset of oocyst shedding*B*~0~ and *B*~1~SE*P*-value*B*~0~ and *B*~1~SE*P*-valueDiarrhea Intercept------8.80.7\<0.0001 Regression coefficient−0.10.02\<0.0001[\*](#tblfn0010){ref-type="table-fn"}Onset of fecal oocyst shedding Intercept61.06.3\<0.0001------ Regression coefficient−5.21.1\<0.0001[\*](#tblfn0010){ref-type="table-fn"}Log dose Intercept10.54.50.038.70.6\<0.0001 Regression coefficient6.21.40.0001[\*](#tblfn0010){ref-type="table-fn"}−1.00.2\<0.0001[\*](#tblfn0010){ref-type="table-fn"}Total protein on day 2 Intercept67.436.00.075.26.10.4 Regression coefficient−8.47.50.30.091.30.9Weight on day 5 Intercept3.917.30.89.52.50.0009 Regression coefficient0.20.20.2−0.040.020.1[\*](#tblfn0010){ref-type="table-fn"}Weight at study completion Intercept−6.617.90.710.02.70.001 Regression coefficient0.30.20.06[\*](#tblfn0010){ref-type="table-fn"}−0.040.020.1[\*](#tblfn0010){ref-type="table-fn"}Duration of fecal oocyst shedding Intercept28.614.40.069.81.8\<0.0001 Regression coefficient0.31.30.8−0.40.20.02[\*](#tblfn0010){ref-type="table-fn"}Cessation of fecal oocyst shedding Intercept91.218.7\<0.0001−0.182.91.0 Regression coefficient−3.51.10.004[\*](#tblfn0010){ref-type="table-fn"}0.30.20.05[\*](#tblfn0010){ref-type="table-fn"}Log peak oocysts counted Intercept−13.451.80.817.46.90.02 Regression coefficient5.86.60.4−1.50.90.1[\*](#tblfn0010){ref-type="table-fn"}Log total oocysts counted Intercept−38.552.30.513.57.30.08 Regression coefficient8.96.60.2−1.00.90.3[^3]Table 5Final models following manual backward stepwise regression to analyze the relationship between the explanatory variables onset, cessation, and duration of fecal oocyst shedding and the outcome variables diarrhea and onset of fecal oocyst shedding.Model 1, Outcome = Diarrhea^a^Model 2, Outcome = Days to onset of oocyst sheddingExplanatory variableRegression coefficientSE*P*-valueExplanatory variableRegression coefficientSE*P*-valueIntercept90.514.5\<0.0001Intercept−0.30.50.6Onset of fecal shedding−4.31.10.0006Duration of fecal shedding−1.00.03\<0.0001Cessation of fecal shedding−2.10.90.04Cessation of fecal shedding1.00.04\<0.0001[^4]

3.4. Determination of ID~50~ {#sec0065}
----------------------------

There was a positive relationship between log-dose and fecal oocyst shedding with diarrhea (*P*  = 0.01) ([Fig. 3](#fig0015){ref-type="fig"} ) as well as between log-dose and diarrhea alone (*P*  = 0.007). The ID~50~ for shedding was 5.8 oocysts, for diarrhea was 9.7 oocysts, and for shedding and diarrhea was 16.6 oocysts ([Table 6](#tbl0030){ref-type="table"} ).Fig. 3The relationship between dose of *C. parvum* oocysts and the percent of calves with diarrhea and fecal oocyst shedding.Table 6Regression analysis to determine the ID~50~ for fecal oocyst shedding, diarrhea, and fecal oocyst shedding with diarrhea in calves experimentally challenged with *C. parvum* oocysts.FactorSE*P*-value*R*^2^ID~50~ (oocysts)Shedding Intercept1149.5\<0.00010.455.8 Regression coefficient−48.822.00.07Diarrhea Intercept118.27.6\<0.00010.719.7 Regression coefficient−67.417.50.009Shedding and diarrhea Intercept125.211.2\<0.00010.6716.6 Regression coefficient−91.826.10.01

4. Discussion {#sec0070}
=============

In this study we have demonstrated a positive dose--response relationship between *C. parvum* infection and fecal oocyst shedding with diarrhea. We have determined that in neonatal dairy calves the ID~50~ of *C. parvum* is 16.6 oocysts, depending on which clinical definition of infection is applied. This dose is orders of magnitude less than the number of oocysts typically shed into the environment by naturally infected calves, which has been reported to be in excess of 3 × 10^10^ oocysts in a calf that sheds oocysts for 6 days ([@bib0105]). In our current study, calves that received the lowest doses of *C. parvum* oocysts began fecal oocyst shedding later, and this was associated with fewer days of diarrhea. Given that *C. parvum* is prevalent in dairy calves, ubiquitous in the environment, and very difficult to kill, its control poses a challenge to dairy farmers ([@bib0055], [@bib0135], [@bib0145]). In the fecal--oral transmission cycle, knowing that small levels of exposure can result in a large amount of fecal oocyst shedding, and not knowing exactly how many oocysts a calf is exposed to on any given day, poses the greatest challenge for control. However, it is very likely that calf exposure greatly exceeds the ID~50~ we have reported. Therefore, findings from this study suggest that unless *C. parvum* is completely eliminated from the environment, it will be very difficult to reduce the incidence of cryptosporidiosis.

Previous studies report a mean onset of fecal oocyst shedding of 7.4 days in experimentally challenged calves, and 16.3 days in naturally infected calves ([@bib0110], [@bib0095]). A study of healthy human volunteers reported an average onset of fecal oocyst shedding of 9 days ([@bib0040]). We found an inverse relationship between onset of fecal oocyst shedding and dose. Calves that received smaller doses began shedding later, which was also found in a prior study ([@bib0165]). Likewise, a [@bib0040] report a relationship between onset of fecal oocyst shedding in people and size of oral inoculum, i.e., at higher doses, infection tended to occur sooner and last longer. Other studies in calves and people have reported different relationships between duration of fecal oocyst shedding and dose ([@bib0040], [@bib0095]). In a study by [@bib0095], an association between dose and duration of fecal oocyst shedding is reported. In that study, 32 of 75 calves died, and among the 8 calves necropsied, all were found to have co-infection with *Salmonella* spp., rotavirus, and coronavirus, in addition to *C. parvum*. Therefore, it is possible that the relationship reported between dose and duration of fecal shedding was influenced by co-infection. In the study conducted in healthy human volunteers challenged with *C. parvum*, a non-statistically significant relationship was reported between dose and duration of oocyst excretion, but the authors do not discuss possible reasons for this association. With respect to enteric symptoms, [@bib0095] report an inverse relationship between onset of diarrhea and duration of diarrhea in calves, and [@bib0040] report a relationship between dose and occurrence of enteric signs. Our study found a positive relationship between dose and diarrhea, but in the final model, onset and cessation of fecal oocyst shedding were found to be better predictors of diarrhea. This can be explained in part by the parasite life cycle and associated pathology of the gastrointestinal (GI) tract. Calves that shed sooner or longer, may be more likely to experience a longer auto-infective stage, or may experience more and recurrent villus damage over time, both of which could result in a longer time to recovery and healing of the GI tract and a longer and more severe episode of diarrhea.

Depending on the definition of infection applied, the ID~50~ of *C. parvum* in calves in our study ranged from 5.8 to 16.6 oocysts. To our knowledge, this is the first study to report this information in calves. In other species, the reported ID~50~ of *C. parvum* is also very low. In outbred neonatal CD1 mice it is 79 oocysts, and is as low at 60 oocysts in wild-type neonatal mice ([@bib0060], [@bib0040]). Immunosuppressed Mongolian gerbils become infected when challenged with 100 *C. parvum* oocysts ([@bib0020]). In healthy human volunteers, the ID~50~ is reported to be 132 oocysts, but infections occurred at all dose levels, including 30 oocysts ([@bib0040]). For infection with *C. hominis* in healthy human volunteers, the ID~50~ is estimated to be 10--83 oocysts ([@bib0035]). Our study findings are consistent with those reported by other researchers, and again illustrate the point that the dose of *C. parvum* oocysts required to induce illness and fecal oocyst shedding is relatively low compared to the environmental load.

Since this study was a controlled experimental trial, our study calves were maintained in clean dry housing, received appropriate dry matter intake, were not challenged with other GI parasites, bacteria, or viruses, and may therefore be considered to be in better overall health than the general population of calves on North American dairy farms. Thus, when this research is translated to field settings, it is possible that it is an overestimation of ID~50~ and the dose--response relationship, and that more severe clinical outcomes could occur. Given that none of the control calves developed diarrhea or fecal oocyst shedding, it is unlikely that cross contamination occurred between challenged calves or that the challenged calves were exposed to oocysts in any quantity greater than their initial challenge dose.

This study demonstrates that calves are susceptible to *C. parvum* infection at very low doses, and will experience clinical illness and fecal oocyst shedding. The degree of fecal oocyst shedding associated cryptosporidiosis is dramatically disproportionate to the ID~50~ of *C. parvum*, which contributes to environmental loading and infection of subsequent calves. This study showed that calves receiving a lower dose began to shed oocysts later, and this was associated with less diarrhea. However, while these calves fared better from a clinical perspective, there was no difference in the log-total or log-peak oocysts counted/g of feces across all doses, meaning that regardless of the level of exposure, the degree of environment loading is unaffected. Therefore, the best method of controlling cryptosporidiosis is to prevent exposure entirely, however, in settings where this is not feasible, keeping exposed calves clean, dry, and nourished will minimize the impact of disease on calf health and wellbeing ([@bib0120]).
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[^1]: Department of Population Medicine and Diagnostic Sciences, College of Veterinary Medicine, Office C2 536, Cornell University, Ithaca, NY 14853, USA.

[^2]: Linear regression analysis of the data yielded an ID~50~ of 5.8 oocysts for fecal oocyst shedding, 9.7 oocysts for diarrhea, and 16.6 oocysts for fecal oocyst shedding with diarrhea.

[^3]: Explanatory variables with a *P*-value ≤ 1.0 were selected for inclusion in the multiple linear regression model.

[^4]: ^a^ Diarrhea is defined as 2 or more consecutive feedings with a fecal score ≥3.
